The influence of anoxia on carbon transport and root respiration was evaluated by applying [U-"Clsucrose to the foliage. Translocation patterns to the root systems of two dry edible bean genotypes (Phascolus vwlgaris L.) were examined after a 3-day exposure to aerated and nonaerated environments. Localized anoxia of root systems was simulated by growing roots in split configurations and exposing half of the system to anoxic conditions. Anoxia of the root system for 72 hours reduced the movement of "C label into the roots with concurrent accumulations in the hypocotyl region. The translocation of "C label to anoxic roots was less than 50% of the aerated controls of both genotypes. Most of the "C label translocated to anoxic root systems was excluded from respiratory metabolism during the 3-hour pulse/chase period and was an order of magnitude less than the aerated controls. These observations suggest that the bulk of "C label which entered the root during the anoxic period was unavailable for metabolism by the enzymes of glycolysis and/or was diluted by a relatively large metabolite pool. A higher percentage of "C label was translocated to the aerated half ofthe localized anoxia treatment relative to the half of the aerated controls. The proportion of "C label translocated to the root system in the aerated control was 20 and 16% compared to 28 and 25% in the aerated localized anoxia treatment for the genotypes Seafarer and line 31908, respectively. Line 31908 partitioned a greater percentage of "IC-labeled compounds to the actively growing fraction of the root system in the localized anoxia treatment than did Seafarer. This suggests a greater reliance on previously stored carbohydrate for immediate root growth in Seafarer than in line 31908.
Root systems growing in heterogeneous soil environments may be exposed to both aerobic and anaerobic conditions (3) . Several studies have demonstrated compensatory growth in nonstressed areas of the root environment when portions of a root system were subjected to anoxic conditions (2, 23, 27) . In a previous study, we reported phenotypic differences in the growth patterns of dry edible bean root systems subjected to localized anoxia (23) . Root elongation during a 3-d treatment period occurred primarily in the existing roots ofthe MSU line 31908. In contrast, root elongation during the treatment period occurred mainly on newly initiated roots in other genotypes.
Since root growth rates are a function of the partitioning responses of plants during the necessarily reflect translocation patterns occurring at the conclusion of the treatment period, short term '4C labeling experiments were used to provide information on the pattern of carbon translocation within the plant at a particular point in time. Although a number of short term "1C labeling studies have been conducted on flooded plants (10, (14) (15) (16) 26) , there have been no reported measurements of the isotope losses to the root environment through exudation or respiration during the labeling period. Objectives of this study were: (a) to determine the translocation patterns for two dry edible bean genotypes whose root systems were subjected to short term (72 h) nonaerated, and localized anoxia treatments; and (b) to account for losses of 14C label within the root environment during the labeling period.
MATERIALS AND METHODS Plant Culture. Seeds of two Phaseolus vulgaris L. genotypes, Seafarer and MSU line 31908, were sterilized with 0.5% NaOCl solution for 3 min, then thoroughly rinsed with distilled H20 and germinated in the dark on trays containing wet cheesecloth covered with moist paper towels. Temperatures within the incubator were maintained at 23 ± 0.5°C for germination and initial seedling growth. Primary root tips were removed 24 to 48 h after germination by cutting directly below the zone of basal root formation (30) . This resulted in a split root system composed of basal roots which developed laterally from the main axis of the plant. Seedlings on the germination trays were given a 24-h exposure to light in a growth chamber (390 umol m-2 s-") when the hypocotyls were >2 cm in length and transferred to cylindrical acrylic chambers designed to allow each half of the root system to be sealed in separate compartments. Two seedlings of the appropriate genotype were transplanted into each chamber. There were four replications of each treatment in a randomized complete block design.
Root system halves were grown in compartments containing approximately 1 Residues were dried at 70°C and weighed. The filtrate was cooled to -120°C in Erlenmeyer (125 ml) flasks and flash evaporated in a VIRTIS Freezemobile II freeze dryer. The dried residues were resolubilized with 20 ml of hot 80% ethanol and subsequently divided into two equal aliquots, one being reserved for additional analyses. Aqueous counting scintillant (ACS, Amersham) (10 ml) was added to the samples for the determination of radioactivity. Each sample was counted twice on a LS-8100 Beckman Scintillation Counter. Plant components with counting efficiencies less than 30% or giving inconsistent duplicate readings were diluted to reduce color quenching and reanalyzed.
Counting efficiencies for most components were generally in the range of 60 to 90%. Actual radioactivity (dpm) was determined by adjusting for background and quench. Control samples with no radioactivity were periodically subjected to the entire extraction procedure to determine background radiation and contamination.
Root Respiration. Root respiration of 4C02 was monitored by bubbling the exhaust gases from the gas-tight split root chambers into separate vials containing 20 ml of ethanolamine. Samples (1 ml) were withdrawn from the vials every 0.5 h. Methanol (2 ml) was added to each sample to increase ethanolamine solubility in the scintillation solution. Root exudation of '4C-compounds was measured at harvest by acidifying a 10-ml sample of nutrient solution (pH 4.0-5.0) to remove HCO3 produced by root respiration, freeze drying, and determining radioactivity as stated previously. These values were adjusted for the total volume of nutrient solution in each split root compartment. Root respiration (CO2 production) was evaluated 1 h before labeling the plants with [ '4C]sucrose. Treatment gas flow rates were measured and gas samples were taken in triplicate using a l-ml tuberculin syringe. Syringe needles were stoppered and the CO2 concentrations determined by the modified Beckman model 865 IR CO2 analyzer method of Schumacher and Smucker (22) . This procedure was repeated for all treatments and background samples.
The experiment was designed and analyzed as a randomized complete block with four replications. Orthogonal comparisons were made between the aerated control and aerated portions of the localized anoxia treatments. Percentage and dpm data were analyzed as arcsine and natural logarithm transformations, respectively.
RESULTS
Shoot and Root Growth. Nonaeration of the complete root system significantly reduced the total growth of roots and increased shoot to root ratios in both genotypes. Shoot dry weights and leaf areas of the localized anoxia treatments were similar to the aerated control (Table I) .
Roots in the aerated half of the localized anoxia treatments had similar total weights for both genotypes when compared to the aerated control. Localized anoxia resulted in an increased allocation of root dry weight to the aerated component of Seafarer but not in the 31908 line. The lower root dry weights of the nonaerated controls were similar to the nonaerated portions of the localized anoxia treatments (Table II) .
Root Anoxia and '4C Label Translocation. The reduced accumulation of dry matter in the nonaerated control is similar to previous observations ofthe effects ofroot system anoxia (3, 13) . Absence of aeration to the entire root system reduced the trans- location of "C-compounds to approximately 30 and 50% of the aerated controls for 31908 and Seafarer (Table III) . The hypocotyl and stem tissue below the source leaf contained 54 to 61% ofthe "4C label when plant root systems were devoid of02 (Table  IV) . The proportions of 'C label translocated to the nonaerated half of the root systems of the localized anoxia treatments were (Table V) . Up to 50% of the label translocated to the root system was respired and exuded by roots of the aerated treatments while less than 10% was lost by anoxic roots (Table VI) . There was less activity in the ethanolsoluble extracts of the root systems of nonaerated treatments (Table VII) .
Although there were similar allocations of "C label between shoots and roots of the aerated control and localized anoxia treatments (Table VI) , more "C label was transported to the aerated half of the root system relative to the aerated control when a portion of the root was subjected to anoxia (Table V) . The orthogonal comparison between the aerated control and the aerated half of the localized anoxia treatment was significant for the percentage of label translocated to the root system when averaged across genotypes. The proportion of "C label translocated to the actively growing roots was increased by localized anoxia for the 31908 line but not for Seafarer (Table VIII) . A comparison of the relative amounts of "C label translocated to the actively growing roots (Table VIII) and to the total root system (Table V) indicates that the majority of label was found in the nonexpanding portions of the root system in both genotypes.
Root Respiration. The quantity of CO2 lost by a plant root system was greater for line 31908. However, respiration rates for the two genotypes were similar when adjusted for root system size. Root respiration rates of the aerated half of the localized anoxia treatments were 45% and 55% greater than the aerated (Table IX) . Less than 0.005% of the total carbon dioxide respired during the 3-h pulse/chase period was represented by '4CO2-Translocation of the '4C label to sites of root respiration required at least I h (Fig. 1) . Seafarer respired significantly more 'Represents significance at the 5% level ofprobability for comparisons between aeration treatments within cultivars. Ftests based on the appropriate orthogonal comparison were used to determine probability of a difference.
C02 than did the 31908 genotype even though Seafarer root systems were smaller and respiration rates per dry weight were similar between genotypes (Table IX) . Root respiration of '4C02 appeared to be linear for both genotypes 2 h after [U-'4C]sucrose was applied to the source leaf. DISCUSSION Shoot growth was influenced less than the roots by the aeration treatments of the roots. Root respiration rates (CO2 respired per root dry weight) were similar and essentially no root growth occurred for both the nonaerated control and the nonaerated half of the localized anoxia treatments. However, the greater 14C activity per unit root dry weight in the nonaerated half of the localized anoxia treatment compared to the nonaerated control indicates that the movement of '4C-labeled compounds into anoxic roots is enhanced when a portion of the root system is aerated (Table VII) or may be due to isotopic dilution. Greater export of ['4C]sucrose from the source leafin the localized anoxia treatments may have increased the ratio of '4C-labeled sucrose and/or other '`C-labeled metabolites in the total carbon pool of the phloem, resulting in greater '4C activity per unit root dry weight in the nonaerated half of the localized anoxia treatment.
An examination of the translocated '4C label, expressed as a percentage of the recovered '4C label minus the '4C label associated with the source leaf, indicates that there were no differences in the proportions of the '4C-labeled materials which were translocated into the nonaerated root tissues (Table V) .
Phloem transport of carbon into anoxic roots is indicated by the appearance of '4C label in the roots and surrounding media of the nonaerated control and localized anoxia treatments. The proportion of translocated '4C label within nonaerated root systems is reduced when compared to the aerated root system. These results agree with other short term '4C-labeling studies of flooded plants (10, 14, 15, 26) . However, when the time between labeling and harvest is lengthened to several hours or days, the amount of ethanol-soluble label found in the anoxic root system appears to be similar or even greater than that of the control (8, 29) . This difference may be due to higher rates of metabolism, respiration, and re-translocation of ethanol-soluble compounds in the aerated controls compared to the long term anoxic root systems.
The proportion of 14C label per unit dry weight of Seafarer roots, which was incorporated into CO2 during the 3-h period, FIG. 1. Accumulation of 14CO2 respired by the root system and collected in ethanolamine during the labeling period. The x axis refers to time in hours after labeling of the source leaf. F tests for comparisons between cultivars and between aeration treatments were significant at the 0.05 and 0.01 Ilevels of probability, respectively. An orthogonal comparison of the aerated control and aerated portion of the localized anoxia treatments for both cultivars was nonsignificant.
was reduced from 32 and 31 % for the aerated control and aerated half of the localized anoxia treatment to 0.7% and 6.6% for the nonaerated control and nonaerated half of the localized anoxia treatments, respectively. This occurred in spite of only slightly reduced rates of CO2 production. The ratio of '4C label recovered in the respiratory CO2 to the '4C label recovered in the ethanolsoluble fraction of the root system ranged from 0.47 to 0.35 for aerated root systems and from 0.01 to 0.09 for nonaerated root systems. These lower proportions of '4C label in the respiratory fraction of nonaerated root systems indicate that the '4C-labeled compounds translocated to the anoxic root system were less available for respiration than in aerated root systems.
There are several explanations which could account for a reduction in the proportion of '4C label incorporated into the respiration CO2 of the root system. Isotopic dilution of the '4C label may have occurred within the nonaerated root systems. If metabolites such as sucrose were accumulated within the root system during the anoxia period, the '4C label translocated to the nonaerated root systems could be diluted by the relatively larger metabolite pool in comparison to the aerated root system. An alternative explanation involves the restriction ofmetabolism of compounds represented by the '4C label. This could occur if the '4C-compounds within the nonaerated root system were either translocated as carbon compounds which are not readily metabolized or if the translocated compounds were converted into compounds not easily metabolized within the root system. A second type of restriction could occur if the translocated '4C-labeled compounds were physically separated from the enzymes of the glycolytic pathway, for example if the '4C-compounds were primarily located in the apoplast of the stele.
Phloem unloading in the roots initially occurs into the apoplast where sucrose is either taken up directly by cells within the stele (4) or hydrolyzed in the apoplast into fructose and glucose by an acid invertase (7) . Entry into living cells either as sucrose or hexose requires active uptake (5, 9) which is greatly reduced under anoxic conditions. Movement of sugars out of the stele and into the cortex predominately occurs in the symplasm (6, 1 1). Soluble carbohydrates in the apoplast of the stele may also leak out at the point of secondary root emergence (19) . The presence of '4C label in the ethanol-soluble extracts of anoxic root systems with disproportionately lower levels of label in the respired CO2 indicates that the majority ofthese photoassimilates may have been relatively unavailable for metabolism and/or that they were diluted by an excess of photoassimilates within the root.
The affect of anoxia on photoassimilate supplies within the root system is a subject of some controversy. Excised roots which are exposed to anaerobic conditions decrease in sugar content over time (20, 28) . The addition of glucose to either excised or attached roots enhance root viability (28) . Additionally, the capacity which some roots have for the enhanced catabolism of starch grains, during flooding, suggests there is a shortage of available sugar in 02-stressed roots (18) . However, several investigators have observed an increase in soluble carbohydrates in anoxic roots of intact plants suggesting sugar is not a limiting factor in flooded roots (1, 12, 17, 25) . Papenhuijzen (17) 
